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ZnO nanopowder derived from brass ash: sintering behavior and mechanical properties Tae 
Introduction
Zinc oxide is an important semiconductor with a relatively high excitation binding energy (60 meV) and a wide direct band gap (3.37 eV). The tailoring of this metal oxide to the desired shape has attracted extensive attention due to its various shape-induced functions.
This high excitation binding energy allows excitonic transitions at room temperature, leading to high radiative recombination efficiency for spontaneous emission as well as a lower threshold voltage for emission. Zinc oxide nanoparticles (NPs) have received a considerable amount of attention due to their specific chemical, electrical, surface and microstructural
properties. These nanoparticles with the advantages of a large volume-to-surface area ratio, high ultraviolet absorption, and a long life-span (Yu et al., 2004) have proved to have greater potential for use in gas sensors (Xu et al., 2000) , solar cells (Yu et al., 2004) , and photocatalyst degradation (Curri et al., 2003; Kamat et al., 2002) than TiO 2 NPs (Hong et al., 2005) . They have also been employed as efficient catalysts for liquid phase hydrogenation (Hamminga et al., 2004) , chemical absorption (Turton et al., 2004) , and UV absorption in cosmetics and as an anti-virus agent (Hu et al., 2003) . The physical and microstructural properties of ZnO can be modified by changing the synthetic method (Meulenkamp, 1998; Monticone et al., 1998) .
For these reasons, the synthesis of ZnO nanoparticles is of great interest to researchers.
Several chemical methods have been used in the synthesis of ZnO nanoparticles, such as solgel processing (Mondelaers et al., 2002; Tokumoto et al., 2003) , mechanical milling (Damonte et al., 2004) , homogeneous precipitation (Kim et al., 2005) , spray pyrolysis (Okuyama and Lenggoro, 2003) , organometallic synthesis (Kahn et al., 2005) , thermal decomposition of organic precursors (Rataoul et al., 2002) , supercritical water processing (Viswanathan et al., 2003) , RF plasma synthesis (Sato et al., 2003) , direct precipitation (Wang and Gao, 2003) , vapor transport processing (Yu et al., 2005) , self-assembling (Koh et al., 2004) , microemulsion synthesis (Singhai et al., 1997) , microwave irradiation (Komarneni et al., 2000) , hydrothermal processing (Zhang et al., 2004) , thermal evaporation (Dai et al., 2003) , mechanochemical synthesis (Ao et al., 2006) , and wet chemical methods (Cao et al., 2006; Singh, 2010; Singh et al., 2009; Wang et al., 2004) . Regarding these versatile applications and with various preparation methods in hand, the introduction of new and more facile synthetic routes based on the recycling of Zn-rich industrial brass ash is currently in great demand (Yeole et al., 2014) . Because brass ash damages the environment, there are mainly four means of reusing brass ash: recycled smelting, vitrification, hydrometallurgy, and pyrometallurgy. In the past, the main research in this area focused on pyrometallurgy, and the main product of this method was zinc oxide containing chlorine, lead, and iron. This method is not effective and it has a number of disadvantages, such as the low purity of the recycled oxide, the excessive energy consumption required, and the production of dioxin when the materials are processed (Cheremisinoff, 2001 ). At present, hydrometallurgy is considered to be an effective and low-cost method for the recycling of industrial waste. For instance Rahman et al. (2013) 
Experimental

Materials
The brass ash used in this study was obtained from Seowon Co. Ltd. In South Korea. The concentration of elements in the brass ash is shown in hydrothermal processing to produce the high-purity Zn-precipitate; and (iii) drying and thermal processing of the Zn-precipitate to produce the high-purity ZnO nanopowder.
The processing technology is shown in Fig. 1 . In the first stage, approximately 100g of brass ash (Fig. 1a ) was roasted in a laboratory box furnace at 700 o C for 2 hours. After roasting, the weight of the brass ash was decreased to 97g and the color of the powder changed from light-black to brown ( The solution was then stirred for 5-10min and the resultant brown color precipitate was separated from the solution rinsed with water, and then dried for further characterization. The amount of solid filtrate ranged from 1.1 to 1.3g. The as-purified solution ( Fig. 1f ) was then transferred to 5-liter glass beaker and close to 100g of Na 2 CO 3 dissolved in 1.0 liter of water was slowly poured into the main solution, after which a white gel immediately formed (Fig.   1g ). The gel was aged for 2 hours, filtered through a filter paper, rinsed with double-distilled water, and dried at 100 o C for 12 hours. Using this method, 85g of the white powder obtained after drying (Fig. 1h) . This was then heat-treated at 500 o C for the thermal decomposition of the gel (Fig. 1i) . The final yield of the ZnO nanoparticles from 100g of brass ash was about 75-80g, which is 90 wt.% of the total amount of Zn in the brass ash.
Analysis methods
The crystal structures and morphology of the brass ash and ZnO nanopowders were characterized by X-ray diffractometry with Cu K radiation (Siemens D5000, Germany), field-emission scanning electron microscopy (FE-SEM, JEOL JSM-7000F) and transmission electron microscopy (TEM, JEOL JEM-1400, Japan). The compositions of the brass ash and the ZnO nanopowders were analyzed by ICP-AES (Perkin-Elmer, Optima 7300DV, U.S.A.)
and by an automatic elemental analyzer (Thermo Scientific, Flash 2000, U.S.A.). The specific surface area of the samples was determined using an SA-9600 Brunauer-Emmett-Teller (BET) surface area analyzer (Horiba, USA). The weight losses and heat flow of the starting brass ash during the calcination step were determined using a TGA N-1000, Scinco analyzer, South Korea. The Raman scattering spectra were obtained at room temperature using a Horiba Jobin Yvon LABRAM-HR800 laser micro-Raman spectrometer with a 633 nm laser.
A Fourier-transform infrared spectroscopy (FTIR) analysis was conducted on a Biorad FTS-175C Fourier transform infrared spectra spectrometer.
Sintering
The ZnO nanopowder was pressed into 2~3 mm thick disc-shaped pellets with diameters of 20 mm at a pressure of 300 MPa. The pellets were sintered in a laboratory furnace at 900- cooled to room temperature in the furnace. The Archimedean method was used to measure the densities of the sintered pellets, and the relative densities were calculated as a percentage of the measured density compared to the theoretical density. The grain size of the sintered pellets was estimated using image analysis software.
Results and discussion
Roasting of brass ash
An XRD analysis was performed to observe the phase composition of the brass ash and any possible changes that may have occurred due to the roasting at 700 o C. The analysis results are shown in Fig. 2a . All of the peaks of the brass ash ( Fig. 2a(i) ) are in good agreement with the Wurtzite structure of ZnO. The sharper and higher peak intensities of the roasted sample imply that the latter has a larger crystallite size than the former (Fig. 2a(f) ).
Moreover, after roasting a trace amount of ZnAl 2 O 4 phase was also found in the XRD patterns.
Figs. 2b and c show typical FE-SEM images of the brass ash before and after roasting. FE-SEM measurements show that the particles increase in size during the aging process; the precipitated very fine powders (Fig. 2b) were removed after calcination leaving behind very uniform ZnO crystallites (Fig. 2c) . These crystallites have a narrow size distribution and the average diameter of the particles as estimated from the micrograph ranges from 1 to 5 m.
Hydrometallurgical processing of the roasted brass ash
The hydrometallurgical processing of the roasted brass ash involves the following two chemical steps: (i) leaching of the brass ash by a H 2 SO 4 solution followed by purification of the leach liquor, and (ii) zinc extraction. 
The solid residue that remains after the dissolution process was characterized by SEM-EDX and XRD analysis methods. The SEM micrograph shown in Fig. 3a (ii) Zinc extraction As described in section 2.2, the as-purified solution was then transferred to a 5-liter glass beaker, after which an amount of approximately100 g of Na 2 CO 3 dissolved in 1.0 liter of water was slowly poured into the main solution at room temperature for Zn precipitation.
According to the XRD patterns shown in Fig. 5 
The SEM analysis revealed plate-type fine particles of Zn 4 CO 3 (OH) 6 H 2 O (inset of Fig. 56 ).
The thickness of the plates is less than 50 nm and the length ranges from 100 to 500 nm (inset in Fig. 5 ). To investigate the morphology, the ZnO nanopowder was dispersed in ethanol on a carboncoated copper grid and high-resolution transmission electron microscopy (TEM) images ( (100) and (101) planar directions (Saoud et al., 2015) .
The N 2 adsorption-desorption isotherms of the ZnO nanopowder recycled from the roasted brass ash are shown in Fig. 8a . The inset shows the pore-size distribution as determined by the Horvath--Kawazoe (HT) adsorption model. The adsorption isotherm of the ZnO sample exhibits the characteristics of a type-II isotherm (according to the IUPAC classification). The flatter region in the middle indicates the formation of a monolayer. At very low pressures, the micropores are filled with nitrogen gas. At the knee, the monolayer formation begins, and multilayer formation only occurs under medium pressure. At high pressures, capillary condensation occurs. Generally, type-II isotherms are usually associated with non-porous and macroporous materials, allowing unrestricted monolayer-multilayer adsorption to occur at high relative pressure (P/P 0 ) values (Rouquerol et al., 2013) . The specific surface area (S), monolayer capacity (V m ), adsorbed gas quantity (V p ), Brunauer-Emmett-Teller (BET) constant (C), and average pore diameter (d p ) as determined from the BET analysis of the isotherms are given in Table 2 . The specific surface of the ZnO sample was 30.484 m 2 /g. The monolayer capacity (V m ) of the sample was 6.774 cm 3 /g, the average pore diameter calculated from the BET plot (capillary condensation part) was 13.7 nm, and the BET constant was 173.63. The pore size distributions of the samples estimated from the HK plot (inset in Fig.   8a ) range from 0.5 to 1.0 nm. Fig. 8b shows the room-temperature Raman spectrum of the ZnO nanoparticles, which is dominated by an intense and sharp peak at 438.92 cm -1 assigned to the E 2 (high) mode, a characteristic feature of a wurtzite lattice. The other first-order Raman features for ZnO were observed at 580.49 cm -1 corresponding to the A1 (LO) mode. The next feature observed at 330.62 cm -1 is assigned to second-order scattering (E 2high -E 2low ) which arises due to the overtones or combinations of first order modes (Cusco et al., 2007) .
Sequentially the absence of extra peaks from the impurities or host lattice defects could be regarded as vital for the fabricated nanoparticles to be phase pure and perfectly crystallized. The purity of the recycled ZnO nanopowder was also analyzed by the ICP-AES technique.
These results are shown in Table 3 . Here, two samples are shown in Table 3 , ZnO-1 and ZnO-2. ZnO-1 was directly prepared from brass ash in the condition it was in when purchased from Seowon Co. Ltd. The ZnO-2 sample was prepared from brass ash calcined at The size of final grains was between 3 and 18 m, as estimated from the micrograph (Fig. 9d) .
No secondary phases were noted at the grain junctions, indicating the high purity of the sintered pellets. This may have resulted from the high purity and the perfectly bonded grain structure. 
Conclusions
